a r t i c l e s denoted PlxnA2 [1] [2] [3] [4] ) has been determined and, in contrast to those of the semaphorins, the sema domain of the unliganded plexin has little or no propensity to homodimerize 6, 7 . Recent crystal structures have revealed the generic architecture of co-receptor-independent semaphorin-plexin interactions 6, 7, 15 and, alongside studies of plexin intracellular regions (most recently described in refs. [16] [17] [18] [19] , indicate that semaphorin-induced dimerization and, possibly, oligomerization of the plexin cytoplasmic region trigger signaling.
The Nrps, Nrp1 and Nrp2, have ectodomains comprising two N-terminal CUB domains (also termed a1 and a2), two coagulation factor V/VIII homology domains (termed domains b1 and b2) and a membrane-proximal MAM domain (termed domain c) ( Fig. 1a) . The c domain has been reported to mediate Nrp dimerization but not to interact directly with either semaphorin or VEGF ligands [20] [21] [22] . The most extensive structure determined for the Nrp ectodomain is of NRP2 a1-a2-b1-b2 (denoted NRP2 [1] [2] [3] [4] ) in complex with a Fab fragment of an antibody known to inhibit Sema3 binding 23 . This crystal structure revealed that the Fab fragment binding involves only the a1 domain of NRP2 a1-a2-b1-b2. No structures have been reported for Nrps in complex with semaphorin ligands.
Sema3A-Nrp1 signaling through PlxnA has antitumorigenic activity and controls many aspects of neuronal development 24 , for example, Sema3A-Nrp1-PlxnA2 signaling repulses sensory axons 25 and guides migration of neurons in the cortex 26 . To address the role and effect of Nrps on how Sema3 and PlxnA class members signal, we characterized the Sema3A S−P -PlxnA2 1-4 -Nrp1 [1] [2] [3] [4] complex, as well as the individual proteins, both structurally and functionally (Fig. 1a) .
RESULTS

Nrp1 1-4 crystal structure
Functional analyses have identified the four N-terminal domains of Nrp as the extracellular region that mediates co-receptor interactions 13, [20] [21] [22] [23] . We have determined the crystal structure of Nrp1 1-4 to a 2.7-Å resolution ( Table 1 ). In the structure, the a1 domain protrudes away from the a2-b1-b2 domain structural unit, with which it interacts only through a three-residue linker (Fig. 1b) . This separation distinguishes a1 in terms of increased surface accessibility and potential for positional mobility relative to a2-b1-b2. Indeed, superposition with the previously reported crystal structure of human NRP2 a1-a2-b1-b2 (ref. 23 ) revealed a high level of structural similarity, with the exception of the relative positions of the a1 and a2-b1-b2 units; presumably the Nrp1 and NRP2 crystal lattices sampled two alternatives from a wide range of possible a1 orientations that are common to both Nrps (Supplementary Fig. 1a ). In our Nrp1 1-4 structure, each of the two canonical CUB-domain (a1 and a2) calcium-binding sites is occupied by a calcium ion. Similar to NRP2 1-4 (ref. 23 ), Nrp1 1-4 is monomeric in solution 13 (Supplementary Fig. 1b ), and the packing in the crystal lattice provides no indications of oligomer formation. Nrp1 1-4 , PlxnA2 1-4 and Sema3A S−P form a ternary complex Nrp1 1-4 , PlxnA2 1-4 and Sema3A S−P interacted with the highest apparent affinity when we tested them together in surface plasmon resonance (SPR) assays ( Fig. 1c and Supplementary Fig. 2 ). Sema3A S−P alone did not give any measurable indication of binding PlxnA2 1-4 when it was present at concentrations up to 73 µM. This interaction has also been reported to be undetectable in cell-binding assays using dimerized 1   PSI1   IPT1  IPT2  IPT4  IPT3  IPT5 IPT6  RBD   GAP  TM  PSI2  PSI3  1,894 Basic a r t i c l e s Sema3A tested to concentrations of at least 10 nM 11 . Conversely, in our SPR assays, Sema3A S−P and Nrp1 1-4 interacted directly, which is in agreement with previous biophysical and cell-based analyses 8, 9 . Nrp1 1-4 also bound directly to PlxnA2 1-4 with a K d of 66 µM ( Fig. 1c) , indicating that, even in the absence of semaphorins, Nrps and PlxnAs may coexist as complexes on the cell surface, consistent with observations from numerous functional studies (for example, ref. 27 ). The higher apparent affinity on the concurrent interaction of all three components probably arises from a simple additive effect of the individual interactions and suggests that a ternary complex is formed that contains all three components (although we cannot formally exclude scenarios involving induced conformational changes).
Ternary complex crystal structure
We have determined the crystal structure of the ternary complex consisting of Sema3A S−F (see Online Methods and Fig. 1 for construct details), PlxnA2 1-4 and Nrp1 1-4 to a 7.0-Å resolution. Our structure determination of this low-resolution complex was aided by the availability of high-resolution structures of the individual components (PlxnA2 1-4 at 2.3 Å 6 , Sema3A S at 2.8 Å 13 and Nrp1 1-4 at 2.7 Å, determined here). We searched for individual molecules incrementally by molecular replacement (Online Methods and Supplementary Fig. 3 ), which yielded a final solution for the crystal content comprising the ternary complex, positioned on a two-fold axis, plus five unliganded PlxnA2 1-4 molecules. The presence of clear electron density for molecules excluded from the molecular replacement solution (Supplementary Fig. 3 ) and the low R work /R free values (28.5%/28.5%; Table 1 ) after rigid body refinement provide robust support for this structure solution. The sema domains of semaphorin and plexin molecules share a seven-bladed β-propeller topology but have substantial, distinctive differences in structure 6, 7, 15 . We tested whether the semaphorin and plexin sema domains could be positioned interchangeably in our crystal structure using the program PHASER 28 . We found that the structural differences were indeed sufficient to render the positions of the semaphorin and plexin sema domains clearly distinguishable, as were the β-strand-based structures of the plexin IPT and Nrp a1 domains. We examined the environment of each of the unliganded PlxnA2 1-4 molecules within the crystal lattice and found that packing contacts precluded bivalent binding of Sema3A S−F at these positions. We could place the Nrp1 a1 domain unequivocally in the ternary complex. However, despite the presence of the entire Nrp1 1-4 protein in the complex crystal and a lack of proteolytic processing ( Supplementary Fig. 4 ), we could not locate the Nrp1 a2-b1-b2 structural unit, indicating substantial mobility between a1 and the a2-b1-b2 moieties.
Nrp1 cross braces apposing semaphorin-plexin pairings
The Sema3A S−F -PlxnA2 1-4 -Nrp1 1-4 complex is organized around a crystallographic two-fold axis. At the core of the assembly, each subunit of the Sema3A dimer binds a PlxnA2 molecule such that semaphorin and plexin interface through their respective N-terminal sema domains ( Fig. 2a) . The a1 domains of two Nrp1 molecules serve as cross braces for the overall complex, each of which is wedged between the sema domain of the Sema3A subunit from one semaphorin-plexin pair and the sema domain of the PlxnA2 molecule from the other pair. Although the low resolution of the crystal structure precludes a detailed analysis of local main chain and side chain conformations, there are clearly no large conformational changes resulting from complex formation. The Sema3A dimer in the complex is very similar to the previously reported structure of unliganded Sema3A 13 ; only small differences in domain orientation are apparent ( Supplementary Fig. 5a ). Similarly, there are only minor changes of domain orientation within PlxnA2 1-4 when the unliganded and complexed forms are compared ( Supplementary Fig. 5b,c) . The positioning of Nrp1, which locks the components of apposing semaphorin-plexin pairings within the overall structure, provides an explanation for the essential contribution of this co-receptor to formation of the signaling-capable complex.
Semaphorin-plexin complexes are structurally similar
The arrangements and positions of Sema3A and PlxnA2 in the ternary complex are very similar to those in the recently reported structures of semaphorin-plexin complexes that do not require a co-receptor for signaling, namely Sema6A-PlxnA2 (refs. 6,7), SEMA4D-PLXNB1 (ref. 6 ) and SEMA7A-PLXNC1 (ref. 15) ( Fig. 2b and Supplementary  Fig. 5d ). All these complexes use equivalent sites on plexin and semaphorin for interaction. The Sema3A-PlxnA2 interface architecture shows a striking similarity with that of Sema6A-PlxnA2 even though there is only 34% sequence identity between Sema3A and Sema6A (Fig. 2b) . The binding site of Nrp1 on Sema3A is formed predominantly by an extrusion (a 70-residue insert within the sema Fig. 2c-e ) and consist of mixed charged and hydrophilic interactions (Sema3A-Nrp1 is predominantly neutral, PlxnA2-Nrp1 is slightly charged, and PlxnA2-Sema3A is mixed charged and hydrophilic). The lack of an interaction of Sema6A with Nrp 29 may be the result of steric clashes arising from loops 357-360 and/or 371-377 in the extrusion, which are larger and structurally different in Sema6A, or from single residue differences (such as Sema3A Tyr375 and Sema6A Lys363) from those in the Nrp1 binding interface on Sema3A (Supplementary Fig. 5e ). Similarly, in the Sema3A-PlxnA2 interface, one or a combination of a few crucial residue substitutions may cause the much-reduced affinity of Sema3A compared to Sema6A for PlxnA2 (refs. 6,7). Sema3 activity can be fine tuned through several internal furin processing sites 30 . Cleavage of Sema3A at an internal furin site in the PSI domain reduces activity. The Sema3A that we used for the ternary complex crystal structure (Sema3A S−F ) and the previously reported Sema3A crystal structure 13 terminate at or around this cleavage site. We therefore also determined the crystal structure of Sema3A S−P−I to a 3.3-Å resolution ( Table 1 ) using a construct (Sema3A S−P−I ; Fig. 3a ) in which the furin cleavage site is mutated to prevent processing (R551A and R555A; Online Methods). In the electron density maps we calculated for Sema3A S−P−I , there was clear electron density for the sema and PSI domains, but the immunoglobulin domain was largely disordered, and therefore we were only able to build a partial structure for this domain and did not assign it any residue sequence (Fig. 3a) . The structure of Sema3A S−P−I is very similar to that of unliganded Sema3A S 13 and Sema3A S−F from the Sema3A-PlxnA2-Nrp1 complex. In these two Sema3A variants, the PSI domain is disordered probably because it is only partially present in the protein. Superposition of the cleaved and uncleaved Sema3A structures revealed no large differences in the sema domain dimer (Fig. 3b) , thus excluding conformation-based effects of furin cleavage on activity. Our Sema3A S−P−I crystal structure also provides some additional information on the overall architecture of Sema3A. Superposition of Sema3A S−P−I and SEMA4D S−P−I 14 revealed the similarity between the two structures ( Fig. 3c ; r.m.s. deviation of 1.6 Å over 1,032 C α atoms). Our crystal structures provide no direct information on the putative Nrp b1 domain-binding site in the Sema3 C-terminal region 31 ; however, modeling indicated that, given the mobility provided by the linker regions in the Nrp and in the Sema3 C-terminal basic region, this additional interaction could be accommodated within the ternary structure (data not shown).
Overall, the similarity in complex architecture of Sema3A-PlxnA2-Nrp1 with those of other semaphorin-plexin combinations that do not use Nrp as a co-receptor suggests that the mechanisms triggering signaling are essentially conserved.
Biophysical and cellular analyses support structural data
The architecture and interfaces of the ternary complex correlate well with previous functional observations; however, we sought to provide additional experimental confirmation of their biological relevance. We selected for individual mutation sequences that were surface exposed in the unliganded structures and that sampled each of the interfaces in our ternary complex (with the exception of the Sema3A-PlxnA2 interface). Given the low resolution of the structural information guiding our choice of residues, we designed npg a r t i c l e s mutations to introduce asparagine-linked glycosylation sites; an N-linked glycan would therefore be predicted to provide substantial steric hindrance to interface formation. We used mutant proteins that were secreted at similar levels to the wild-type molecules in our mammalian cell-based expression system (Online Methods) for binding assays. We found that introduction of an N-linked glycosylation site in PlxnA2 1-4 F275N (a site predicted to hinder Nrp binding on the basis of the complex structure; Fig. 2c ), Nrp1 1-4 P73A H74S (predicted to hinder Sema3A binding; Fig. 2c ) and Sema3A S−P L353N P355S (predicted to hinder Nrp1 binding; Fig. 2c ) resulted in weaker interactions between the component proteins in SPR-based binding assays ( Fig. 4a and  Supplementary Fig. 6 ). Sema3A S−P L353N P355S also inhibited dorsal root ganglion (DRG) growth-cone collapse (Fig. 4b,c) . The architecture of the ternary complex positions the calcium-binding site in the a1 domain of Nrp1 at the interface with PlxnA2 and in proximity to the binding site for Sema3A, suggesting that it provides structural integrity and/or shields negative charges that would prevent interaction. This prediction concurs with our findings that calcium ions were required for ternary complex interactions in our SPR experiments ( Fig. 4a and Supplementary Fig. 6d ) and growth-cone collapse induced by Sema3A 23 . Several previously reported Sema3A mutations that result in loss of function in vitro and in vivo, but retain their ability to bind Nrp1 (refs. 7,32) , map to the Sema3A-PlxnA2 interface and do not impinge on the Sema3A-Nrp1 interface (Fig. 2d) . A peptide consisting of Sema3A extrusion loop residues 363-380 binds Nrp1 (ref. 33) , and an antibody generated against this peptide inhibits Sema3A function 34, 35 ; a large part of this Sema3A loop contributes to the Nrp1-binding site in our complex structure (Fig. 2d) . Conversely, we were unable to show that Nrp1 domain a1 on its own is sufficient for binding to Sema3A or Sema3A-PlxnA2 in our SPR assays (the Nrp1 a2-b1-b2 domain combination also showed no measurable binding) (Supplementary Fig. 6 ). It seems that the Nrp1 four-domain combination is needed for sufficiently stable complex formation (Fig. 1c) , and, although Nrp1 domains a2-b1-b2 were disordered in the complex crystal structure, we cannot exclude a direct contribution of these domains. The importance of Nrp1 domain a1 in complex formation and signaling has, however, been shown by others. The interaction site of an antibody against Nrp1 domain a1 that inhibits Sema3A function and prevents the Sema3A-Nrp1 interaction 23 correlates well with the Sema3A-binding site on Nrp1 that we found (a) Interface mutations (see also Fig. 2c and Supplementary Fig. 6 npg a r t i c l e s in the ternary complex ( Fig. 2c,d) . In addition, Nrp1 site-directed mutants that disrupt Sema3A interactions are in or near the Sema3A interface in our complex structure, whereas mutations that do not affect Sema3A binding 36 are outside those interfaces (Fig. 2c) . Thus, our structural data are supported by multiple in vitro and in vivo studies confirming the contribution of each of the observed interfaces in complex formation and signaling.
DISCUSSION
Neuropilins were identified as receptors for class 3 semaphorins before plexins were found to be the signal-transducing receptors for these and other classes of semaphorins [8] [9] [10] [11] . These initial and subsequent studies showed that the Sema3s interact directly with the Nrps and that for Sema3s to trigger PlxnA signaling, plexin and Nrp must be associated as a holoreceptor. How does this holoreceptor complex differ from a direct semaphorin-plexin complex, and in what way does Nrp mediate ligand-receptor signaling in this system? In combination, our studies indicate that Nrp is needed to cement a weak, but canonical, interaction between Sema3s and PlxnAs. The generic architecture of the semaphorin-plexin interaction, as established by previous studies on other members of these protein families 6, 7, 15 , is conserved. We and others have shown previously that semaphorin dimers are needed for signaling 6, 7 , and the results presented here reveal that the core mechanism of semaphorin-mediated plexin dimerization is also central to Sema3 function. Approximately 20 different semaphorins in higher vertebrates have a plethora of roles, and the majority of these functions use one (or more) of the nine members of the plexin family of cell-surface receptors for signal transduction. It is therefore perhaps unsurprising that a growing number of reports show that diverse semaphorin ligands signal through the same plexin receptor to trigger very different cellular effects. The challenges posed for signal switching and fidelity are most apparent in the variety of biological functions that are mediated by PlxnAs. The PlxnAs bind multiple members of the class 3 and class 6 semaphorins. The Sema3s are secreted molecules and can modulate long-range effects on cellular processes by gradient formation 26 . Our results explain the central role of Nrp, and, specifically, the a1 domain, in Sema3-PlxnA signaling. We propose that the requirement for a1 as a cross brace stabilizing the Sema3-PlxnA complex allows Nrp to gate signaling through the PlxnA receptors ( Fig. 5) , underpinning switches between Sema3 and Sema6 function, such as has been recently reported for the osteoprotective activities of Sema3A 37 . Similar to other semaphorin-plexin combinations, Sema3 binding dimerizes and possibly clusters the plexin intracellular region, leading to signaling. Although the role of Nrp as a co-receptor specifically stabilizing Sema3-PlxnA complexes is revealed here, the potential contribution of Nrp dimerization to clustering, and, thus, the properties of the signaling assembly, remains unknown.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Coordinates and structure factors for Nrp1 1-4 , Sema3A S−F -PlxnA2 1-4 -Nrp1 1-4 and Sema3A S−P−I have been deposited in the Protein Data Bank with accession numbers 4GZ9, 4GZA and 4GZ8, respectively. 
